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ABSTRACT
We studied the properties of the low-frequency quasi-periodic oscillations detected in
a sample of six black hole candidates (XTE J1550–564, H 1743–322, XTE J1859+226,
4U 1630–47,GX 339–4, XTE J1650-500) observed by the Rossi XTE satellite. We an-
alyzed the relation between the full width half maximum and the frequency of all the
narrow peaks detected in power density spectra where a type-C QPO is observed. Our
goal was to understand the nature of the modulation of the signal by comparing the
properties of different harmonic peaks in the power density spectrum. We find that
for the sources in our sample the width of the fundamental and of the first harmonic
are compatible with a frequency modulation, while that of the sub-harmonic is inde-
pendent of frequency, possibly indicating the presence of an additional modulation in
amplitude. We compare our results with those obtained earlier from GRS 1915+105
and XTE J1550-564.
Key words: stars: individual: XTE J1550–564, XTE J1859+226, GX 339–4,
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1 INTRODUCTION
The study of the variable X-ray emission from X-ray bina-
ries has matured very rapidly in the last decades with the
launch of several X-ray satellites in the 90’s, which led to a
clear observational picture of black hole candidates in X-ray
binaries (BHBs). In particular a rich phenomenology of fast
X-ray variability has been observed. Since their discovery,
black hole X-ray binaries (BHB) have been known to dis-
play variability on various time scales (Elvis et al. 1975) and
low-frequency quasi periodic modulation of the light curves
(known as quasi-periodic oscillations, QPO) from these sys-
tems were already found in several sources observed by the
Japanese satellite Ginga. Sixteen years of operation of the
Rossi X-ray Timing Explorer (rxte, December 30, 1995 to
January 3, 2012) satellite have contributed immensely to the
understanding of these systems and led to an extraordinary
progress in the knowledge of the variability properties of
∗ devrajdp@gmail.com
BHBs (see e.g. van der Klis 2006; Remillard & McClintock
2006; Belloni 2010).
The typical power density spectrum (PDS) from a BHB
is composed by a variable band-limited noise continuum
and by a number of QPOs observed both at low (mHz to
few tens of Hz) and high (tens to hundreds Hz) frequencies
(van der Klis 2006). QPOs are thought to originate in the
innermost regions of the accretion flows around stellar-mass
black holes and the study of their properties can provide im-
portant clues on the physics of accretion onto BHBs and on
the behavior of the matter in presence of strong gravitational
fields. Various models have been proposed in order to explain
the quasi periodic variability and the noise continuum (see
van der Klis (2006) for a review and Ingram & Done (2011)
for a more recent model), but none of them, at the present
time, can give a comprehensive explanation of all the ob-
served phenomena.
In black-hole binaries, low frequency QPOs (LFQPOs)
are detected in the frequency range ∼ 0.1 − 30 Hz; they
are classified as type A, B and C QPOs, (see Casella et al.
2005; Motta et al. 2011). Here we focus on the type-C LFQ-
c© 0000 RAS
2 Pawar et al.
POs; for a complete classification of QPO types in black
hole binaries see Casella et al. (2005); Motta et al. (2011,
2012) and Belloni et al. (2011, for a review). Type-C QPOs
are observed in the hard and hard intermediate state of
BHBs in outburst as strong, narrow peaks in the power den-
sity spectra with centroid frequency between ∼0.1 and ∼30
Hz (see Motta et al. 2011, and references therein). LFQPOs
usually appear as a complex structure composed by a pri-
mary peak (whose frequency is usually associated to the
fundamental frequency of oscillation) and by a number of
additional peaks whose frequency is in harmonic relation
with that of the that of the primary peak (therefore asso-
ciated to harmonics and sub-harmonics of the fundamen-
tal frequency). These secondary peaks are commonly inter-
preted as the result of the Fourier decomposition of the non-
sinusoidal quasi-periodic signal responsible of the appear-
ance of the LFQPOs. However, questions whether there ex-
ists a harmonic relation between different QPO peaks and on
the identification of the fundamental peak have been raised
in recent works (see Rao et al. 2010; Rodriguez & Varnie`re
2011; Ratti et al. 2012).
Here we investigate the relation between the proper-
ties of the fundamental peak and of the harmonic con-
tent component of the type-C LFQPOs detected in a
sample of six BHBs observed by rxte: XTE J1550–564,
H 1743–322, XTE J1859+226, 4U 1630–47, GX 339–4,
XTE J1650–500; see reviews by Remillard & McClintock
(2006); Belloni et al. (2011) and van der Klis (2006) for de-
tails of these sources.
2 OBSERVATIONS
From the rxte archive we select a sample of six
BHBs where clear type-C QPOs have been reported in
the hard and hard-intermediate state. We analyzed 97
rxte Proportional Counter Array (pca) (Zhang et al.
1993; Jahoda et al. 2006) observations of black hole can-
didates XTE J1550–564 (Rao et al. 2010), H 1743–322
(Homan et al. 2005), XTE J1859+226 (Markwardt 2001),
4U 1630–47 (Tomsick & Kaaret 2000; Trudolyubov et al.
2001), GX 339–4 (Motta et al. 2011) and XTE J1650–500
(Homan et al. 2003). The references report the detection
and analysis of the QPOs in these sources. Table 2 sum-
marizes the details of the observations that we considered.
We selected only observations where the sources were ei-
ther in the low-hard state (LHS, see Belloni et al. 2011)
or in the hard intermediate state (HIMS), where LFQPOs
are detected (Casella et al. 2004, 2005; Motta et al. 2011).
Then we selected only those observations whose PDS showed
at least two peaks that appeared to be integer multiples
of each other. We kept only those observations showing
type-C QPOs (classified according to Casella et al. 2004;
Motta et al. 2011, 2012); type-C QPOs are observed over
a large frequency range (∼0.1 - 30 Hz, variable depending
on the source), while type-B and -A QPOs only show very
small variations in frequency (see Motta et al. 2011); type-C
QPOs almost always show harmonic peaks and type-B are
also usually accompanied by a harmonic, while such har-
monics are not usually seen for type-A QPOs. A sample of
type-C QPOs is suitable for our purpose to study the be-
haviour of the multiple QPOs in the same PDS as a function
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Figure 1. Typical PDS (Observation 30191-01-28-00 of
XTE J1550–564) and model used to fit it. The model is consti-
tuted by a broad component centered at zero Hz (sometimes more
than one broad component is used to properly describe the noise)
and three different narrow Lorentzians, dubbed L1/2, L1 and L2,
where the frequencies are related according to the following rela-
tions: L1/2 ≈ 0.5 L1 and L2 ≈ 2 L1 within errors.
of their frequency as they span a relatively larger frequency
range compared to other types of LFQPOs.
For our work, it is important to identify the peak
corresponding to the fundamental frequency. Usually, the
strongest peak is the fundamental, but there can be ex-
ceptions. We checked all PDS and derived the identifi-
cation of the fundamental from works in the literature
: XTE J1550-564 – Remillard et al. (2002); H1743-322 –
McClintock et al. (2009); XTE J1859+226 – Casella et al.
(2004); 4U 1630-47 – (Tomsick et al. 2005); XTE J1650–500
– Homan et al. (2003); GX 339–4 – Motta et al. (2012).
2.1 Fourier timing analysis and PDS modeling
We used high time resolution mode rxte/pca data for our
timing analysis (Zhang et al. 1993; Jahoda et al. 2006). For
each observation we chose the data modes in order to have
the maximum possible time resolution and the energy range
we are interested in. We rebinned the light curves to obtain
a Nyquist frequency of 2048 Hz and we selected events in the
channels 0–35; these channels corresspond to energy range
∼2–13 keV for the observations of year 1998 to 1999 and ∼2–
14 keV for later observations in Table 2, see Jahoda et al.
(2006) for details of rxte/pca. We used the ghats1 pack-
age under gdl to produce PDS for continuous 32 seconds
long data segments (leading to a minimum frequency of
1/32 s = 0.03125 Hz) and we averaged them to obtain one
single PDS per observation. PDS were normalized accord-
ing to Leahy et al. (1983) and converted to square fractional
1
ghats, available at http://www.brera.inaf.it/utenti/ bel-
loni/GHATS Package/Home.html
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rms (see Belloni & Hasinger 1990). The component due to
the Poissonian noise was computed from the deadtime value,
the average source count rate and the Very Large Event
(VLE) count rate (see Zhang et al. 1995; Boutloukos et al.
2006, for more details).
PDS fitting was carried out with the standard XSPEC
fitting package by using a one-to-one energy-frequency con-
version and a unit response. Following Belloni et al. (2002),
we fitted the noise components with a variable number
of broad Lorentzian shapes. The QPOs were fitted with
a number of Lorentzians depending on the presence of
harmonic peaks. For each Lorentzian component we cal-
culated the characteristic frequency, given by νmax =√
ν2
0
+ (FWHM/2)2 = ν0
√
1 + 1/(4Q2) (Belloni et al.
2002). We fit the PDS to obtain reduced χ2 ≈ 1 and report
QPOs with significance N/σN>3σ, where N is the normal-
isation and σN is its one sigma uncertainty on N obtained
with the chi-squared minimization.
In most of the cases, one single Lorentzian is sufficient to
fit each peak in the PDS. However, in some cases, more than
one Lorentzian component is necessary, usually when the
QPO frequency changes on time scales shorter than the ob-
servation time (see Markwardt et al. (1999) and references
within for details). For those cases, following Ratti et al.
(2012), we report the frequency of the Lorentzian with
higher rms as the QPO frequency. In these cases, the FWHM
is estimated as the FWHM of the sum of the two Lorentzians
and errors on FWHM are calculated as quadratic errors of
the individual components. In Figure 1 we show a typical
PDS (observation 30191-01-28-00 of XTE J1550–564), fit-
ted with a model of multiple Lorentzians. One or more zero
centered Lorentzians are required to fit the low frequency
noise. We refer to the Lorentzians used to fit QPOs as L1/2,
L1 and L2 respectively, where L1 is the primary peak asso-
ciated to the fundamental frequency, and L1/2 and L2 are
associated to the sub-harmonic and the second harmonic of
the fundamental, respectively. The frequencies of the narrow
peaks are in the ratio L1/2:L1:L2 ≃ 1 : 2 : 4 within the errors
and the rms of L1 is always greater than L1/2 and L2.
3 RESULTS
In Figure 2 we plot the centroid frequencies of L1/2, L1
and L2 QPOs as a function of the centroid frequency
of the fundamental (L1) for GX 339–4, XTE J1550–564,
XTE J1859+226, H 1743–322, XTE J1650–500, represented
as circles, squares, diamonds, empty triangles and stars re-
spectively. The symbols are filled black, grey and empty for
L1, L2 and L1/2 respectively. The dashed lines correspond
to slopes 0.5, 1 and 2; L1/2 and L2 QPOs lie around lines
with slopes 0.5 and 2 respectively, with a small but signifi-
cant scatter. We detected L1/2 or L2 or both simultaneously
with L1 in the power spectra of 69 observations (#1 to 72,
except #37, 59, 60) of the total 97 observations in our sam-
ple (see Table 2 for details).
In Figure 3 we show the FWHM of the fundamental
peak and its harmonics plotted as a function of the centroid
frequency of each peak. In both panels we overplot dashed
lines corresponding to Q = 3, 5 and 10, where Q is the qual-
ity factor and it is defined as Q = ν0/FWHM . It gives a
measure of the coherence of a peak. The symbols do not dis-
Table 1. Parameters to test whether the frequency-FWHM rela-
tion is linear or constant. L1 + L2 is the data of fundamental and
harmonic considered together since they seem to have the same
nature in the frequency-FWHM plot (Figure 3).
QPO χ2 dof Pearson’s coefficient
linear constant
L1 1933 4106 85 0.61
L2 706 2051 63 0.55
L1/2 258 338 52 0.44
L1 + L2 4830 23660 148 0.78
tinguish between the sources. This is done with the purpose
to make the general trend of the points clearer. In the top
panel of Fig. 3 we plot the points from observations, that
have at least L1/2 or L2 in addition to L1 in the same PDS
(Table 2). L1/2, L1 and L2 peaks are represented as stars,
filled circles and empty traingles respectively. The frequency
range covered is ∼2–16 Hz. The large grey filled circles are
the result of a rebinning of all points into broad logarith-
mic bins in frequency. Each point has a frequency equal to
the mean of all the points included in a single bin, while
the error bars represent the scatter as the square root of
the variance in frequency. In the lower panel of Figure 3 we
show the same data of the upper panel, but we also include
the remaining QPOs of GX 339–4 (Motta et al. 2011), (73
to 98 in Table 2) and QPOs detected in GRO J1655–40 re-
ported in Motta et al. (2012). The additional points from
GX 339–4 (filled diamonds) extend the frequency down to
0.1 Hz. Since they occur as single peaks, i.e. without sec-
ond, third and sub-harmonics, they cannot be classifed as
L1/2, L1 or L2. The GRO J1655–40 peaks are detected in the
frequency range ∼0.2 to 15 Hz and the L1 and L2 compo-
nents are respectively represented as filled squares and filled
triangles.
From the frequency–FWHM correlation in Figure 3 one
sees that, although there is significant scatter, the funda-
mental follows an upward trend which is extended by the
harmonics points and is steeper than the lines of constant
Q, indicating lower Q at higher QPO frequencies, while the
subharmonic points do not show a visible trend. We have
performed constant and linear fits to the data, but the large
scatter prevents a statistical analysis of the relative good-
ness of the models. We investigated whether the frequency–
FWHM correlation is linear (FWHM = A · ν0 +B) or con-
stant for L1/2, L1, L2. Since the L1 and L2 seem to have
the same frequency–FWHM correleation (Figure 3), we also
investigate the linear and constant fit for both together (L1
+ L2). The χ
2 for the fits indicate that the linear fit is
more appropriate for L1, L2, (L1 + L2) and the constant
for L1/2. However the scatter renders the fits statistically
not-significant (see Table 1 for details).
4 DISCUSSION
We analyzed 97 archival rxte observations of six BHBs
in the hard and hard-intermediate state and studied the
FWHM–frequency relation of the type-C QPOs detected in
these sources. In 69 observations we detect more than one
c© 0000 RAS, MNRAS 000, 000–000
4 Pawar et al.
GX 339-4
XTE J1550-564
XTE J1859+226
XTE J1650-500
H 1743-322
F
re
q
u
e
n
c
y
 (
H
z
)
0
2
4
6
8
10
12
14
16
Fundamental frequency (Hz)
0 2 4 6
Figure 2. The harmonic relation of the QPOs detected
in the sample of BHBs in Table 2. QPOs for sources
GX 339–4, XTE J1550–564, XTE J1859+226, H 1743–322 and
XTE J1650–500 are represented as circles, squares, diamonds, tri-
angles and stars respectively. The symbols are filled black, grey
and are empty for L1, L2 and L1/2 respectively and the dashed
lines correspond to slopes 0.5, 1 and 2.
peak superimposed to a broad-band flat-top noise, (see Ta-
ble 2 for details of the QPOs). The secondary peaks L1/2, L2
have centroid frequencies consistent with ∼0.5, ∼2 times the
frequency of the fundamental L1. In Figure 2 we see more
clearly that L1/2, L1 and L2 have frequencies in the ratio
0.5:1:2, therefore they form an harmonic series in frequency.
The presence of harmonically related peaks in a PDS might
be the result of the Fourier decomposition of the signal. How-
ever, a scenario where such peaks are independent signals,
cannot be ruled out.
From the top panel of Figure 3 we observe that the
FWHM of L1 and L2 increases with frequency of the QPO.
The FWHM of L1/2 however has a weak dependence on
frequency. These trends are seen more clearly after rebin-
ning the points in frequency (large gray points in Figure 3).
The resulting large grey points indicate a monotonically in-
creasing trend of the FWHM with frequency for L1, L2 and
also that the FWHM of L1/2 QPOs has a very weak or
no dependence on frequency. The QPOs in this plot cover
the frequency range ∼2–16 Hz. In order to test whether
the same relation extends to lower frequencies, we include
type-C QPOs (from Motta et al. 2011, 2012) which extend
frequency down to ∼0.1 Hz, (bottom panel in Figure 3).
Adding points for L1 and L2 at lower QPO frequencies
from Motta et al. (2011, 2012) we show that the FWHM-
frequency relation for these two components extends down
to ∼0.1 Hz. The lower frequency QPOs (∼0.1 Hz) corre-
spond to harder energy spectra, when the noise level is high
and the QPO is not as well resolved from the continuum as
in the softer states. In such cases the QPO parameters are
less constrained, (especially the FWHM) and this may be
the cause of the scatter observed in the FWHM of QPOs
with frequency around ∼0.1 Hz.
The coherence of a QPO is quantified by the quality fac-
tor Q. The width of a quasi-periodic signal can be ascribed to
either amplitude modulation (AM) or frequency modulation
(FM) or a combination of the two. The often-considered case
Q =10
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Q = 3F
W
H
M
 (
H
Z
)
0.1
1
10
QPO Frequency (Hz)
1 2 5 10
F
W
H
M
 (
H
Z
)
0.01
0.1
1
10
QPO Frequency (Hz)
0.1 1 10
Figure 3. Top panel : The FWHM as a function of centroid
frequency of type-C QPOs detected in the power spectra of black
holes in our sample such that, either L1/2 or L2, or both L1/2 and
L2 are simultaneously detected with L1 (observations 1 to 72 in
Table 2). Stars, filled circles, empty triangles respectively repre-
sent L1/2, L1, L2 QPOs. The dashed lines correspond to constant
Q. The large grey filled circles are the result of a rebinning of all
points into broad logarithmic bins in frequency. Bottom panel :
Stars, filled circles, triangles respectively represent L1/2, L1, L2
such that, either L1/2 or L2, or both are simultaneously de-
tected with L1. Diamonds represent type-C QPOs detected in
GX 339–4, where no harmonics were detected (Motta et al. 2011)
and squares, filled triangles respectively represent the fundamen-
tal, harmonic of the type-C QPOs detected in GRO J1655–40,
(Motta et al. 2012). In both panels the dashed lines correspond
to lines of constant Q = 3, 5, 10.
of finite time of the oscillation is a special case of amplitude
modulation. If only a single peak is seen in the PDS, it is not
possible to establish whether the broadening of the peak is
due to amplitude or frequency modulation. However if a har-
monic is also present, then a constant FWHM of the peaks
indicates amplitude modulation and a constant Q indicates
frequency modulation. We observe that L1 and L2 are al-
most along the line of constant Q (top panel of Figure 3).
If they were exactly along the constant Q line, we could
conclude that they are frequency modulated. However they
are broader at higher frequencies. One possibility is that
this is due to an additional amplitude modulation, although
c© 0000 RAS, MNRAS 000, 000–000
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different combinations of FM and AM cannot be excluded.
The sub-harmonics (L1/2) have a constant FWHM and are
broader, indicating that the sub-harmonic must be subject
to an additional amplitude modulation, as the FWHM of
these points show a large scatter, it is however still possible
that an underlying frequency modulation is present.
A similar approach to the one we follow in this pa-
per was presented by Rao et al. (2010) and Ratti et al.
(2012) for the type-C QPOs detected in XTE J1550–564 and
GRS 1915+105 respectively. They discuss the FWHM fre-
quency relation between peaks, flat topped noise and peaked
noise detected in the PDS. In our paper, we consider only
the L1/2, L1, L2 peaks detected in the sample of BHBs listed
in Table 2. Rao et al. (2010) in their study of QPOs detected
in the BHB XTE J1550–564, find that the four features Lft,
Ls, LF , Lpn, Lh form a harmonic series in frequency (where
Ls, LF , Lh correspond to L1/2, L1, L2 respectively in this
paper; Lft is the flat topped noise and Lpn is the peaked
noise component, see Figure 1 in Rao et al. (2010) for details
and Belloni et al. (2002), van der Klis (2006) for terminol-
ogy and classification of features detected in PDS of BHBs).
Rao et al. (2010) conclude that not all the features in the
harmonic series follow the same FWHM frequency relation.
L1 and L2 have same evolution in FWHM with frequency,
where as L1/2 does not follow the same trend. Based on this
difference and other analysis of the rms, energy spectra in
frequency, they suggest that L1/2 is not an harmonic arte-
fact, but is an oscillation which has additional modulations
than that of L1 and L2. Our result agrees with this inter-
pretation.
In the case of LFQPOs in GRS 1915+105, Ratti et al.
(2012) conclude that for L1 and L2, the coherence decreases
as frequency increases, which suggests frequency modulation
of these components. While L1 and L2 are indistinguishable
in their dependence of coherence on frequency, L1/2 has a
much lower coherence than it would, had it followed the
same coherence-frequency relation. The constant width of
L1/2 indicates amplitude modulation, which is large enough
to overwhelm any possible frequency dependence. We have a
similar conclusion for QPOs across our sample of BHBs, see
top panel of Figure 3. From the lower panel of Figure 3, it
is clear that only the L1/2 components are amplitude mod-
ulated, while the coherence of the fundamental and its har-
monic is frequency dependent even at lower frequencies.
Comparing our results with Rao et al. (2010) and
Ratti et al. (2012) we find that the FWHM-frequency rela-
tions of type-C QPOs reported by them are also seen across
the sample of sources which we have analysed. The sub-
harmonic and second harmonic components are amplitude
modulated, which reduces their quality factor much more
than the fundamental one, which is frequency modulated.
Moreover the sub-harmonic has a much larger amplitude
modulation compared to the other QPOs in the harmonic
series and this effect is seen across a sample of black hole
binaries.
Over the dependence of FWHM and frequency of L1/2,
L1 and L2, we detect a scatter in the FWHM. This scatter is
not related to any observational effects such as observation
duration as we detect no correlation in the FWHM and ob-
servation duration in case of QPOs which are nearly equal
in frequency. The investigation of the scatter which can have
a significant impact on the interpretation of the data is be-
yond the scope of this paper and will be done in the future
on the basis of a larger database of QPOs.
Whatever the nature of the observed frequencies and
the physical origin of the variability, the modulation which
gives rise to the width of the peaks detected in the PDS ap-
pears to be complex. Both amplitude and frequency modu-
lation seem to be at work on separate harmonics of the sig-
nal, yielding a complex pattern which can be tested against
theoretical models.
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Table 2: Details of observations used in our analysis. These observations
were obtained over a number of years in different campaigns of the Rossi
X-ray Timing Explorer mission. We report frequency (ν1) and full width
at half maximum (∆) for the Fundamental (L1), harmonic (L2) and
sub-harmonic (L1/2). The errors are quadratic means of the 1σ errors
obtained in XSPEC. A feature which is not significantly detected is
indicated by ”−−”.
Observation Date Fundamental Harmonic Subharmonic
(yyyy-mm-dd) ν0 ∆ ν0 ∆ ν0 ∆
(Hz) (Hz) (Hz) (Hz) (Hz) (Hz)
XTE J1550–564
1 30188-06-11-00 1998-09-16 3.99± 0.01 0.26 ± 0.01 7.91 ± 0.02 0.75± 0.05 2.02 ± 0.05 1.03± 0.12
2 30191-01-01-00 1998-09-18 5.84± 0.02 0.83 ± 0.04 10.94 ± 0.09 2.66± 0.20 2.76 ± 0.10 0.96± 0.14
3 30191-01-03-00 1998-09-20 6.88± 0.03 1.42 ± 0.05 −− −− 3.84 ± 0.08 1.27± 0.22
4 30191-01-06-00 1998-09-21 7.35± 0.09 1.34 ± 0.16 −− −− 3.26 ± 0.11 2.86± 0.21
5 30191-01-07-00 1998-09-21 5.76± 0.01 0.64 ± 0.03 11.16 ± 0.09 2.12± 0.30 2.59 ± 0.08 1.17± 0.22
6 30191-01-15-00 1998-09-29 4.07± 0.01 0.32 ± 0.03 8.14 ± 0.01 0.87± 0.06 2.06 ± 0.04 0.78± 0.11
7 30191-01-16-00 1998-09-29 3.16± 0.03 0.54 ± 0.04 5.98 ± 0.03 1.75± 0.18 1.53 ± 0.03 0.58± 0.12
8 30191-01-16-01 1998-09-29 2.87± 0.01 0.27 ± 0.02 5.70 ± 0.02 0.68± 0.06 1.39 ± 0.04 0.41± 0.08
9 30191-01-27-00 1998-10-10 5.79± 0.05 0.32 ± 0.07 9.96 ± 0.06 0.57± 0.23 2.68 ± 0.03 1.04± 0.14
10 30191-01-27-01 1998-10-09 4.47± 0.01 0.31 ± 0.03 8.97 ± 0.04 1.48± 0.24 2.24 ± 0.04 0.63± 0.12
11 30191-01-28-00 1998-10-11 4.20± 0.01 0.37 ± 0.02 8.39 ± 0.04 1.24± 0.18 2.06 ± 0.02 0.30± 0.07
12 30191-01-28-01 1998-10-11 4.71± 0.01 0.43 ± 0.03 9.42 ± 0.04 1.62± 0.15 2.39 ± 0.03 0.79± 0.12
13 30191-01-28-02 1998-10-12 4.83± 0.01 0.41 ± 0.02 9.93 ± 0.06 1.98± 0.25 2.40 ± 0.03 0.71± 0.11
14 30191-01-29-00 1998-10-13 4.98± 0.01 0.57 ± 0.03 9.74 ± 0.04 1.71± 0.14 2.44 ± 0.03 0.76± 0.10
15 30191-01-29-01 1998-10-13 6.48± 0.01 0.62 ± 0.02 9.85 ± 0.05 2.01± 0.18 2.45 ± 0.03 0.67± 0.10
16 30191-01-30-00 1998-10-14 6.85± 0.02 1.21 ± 0.06 12.94 ± 0.04 1.10± 0.14 3.31 ± 0.02 0.84± 0.08
17 30191-01-31-00 1998-10-15 6.71± 0.02 0.73 ± 0.05 13.60 ± 0.14 3.43± 0.50 3.42 ± 0.04 1.13± 0.14
18 30191-01-31-01 1998-10-15 6.71± 0.01 0.73 ± 0.06 13.49 ± 0.16 3.42± 0.54 3.49 ± 0.04 1.12± 0.10
19 40401-01-57-00 1999-03-13 6.73± 0.04 1.11 ± 0.08 13.54 ± 0.18 3.73± 0.40 3.40 ± 0.04 1.11± 0.08
20 50134-01-04-00 2000-05-12 6.93± 0.03 0.61 ± 0.08 14.31 ± 0.19 3.29± 1.06 −− −−
21 50134-01-05-00 2000-05-14 4.46± 0.02 0.62 ± 0.06 9.21 ± 0.15 2.65± 0.66 −− −−
22 50134-02-01-01 2000-04-26 4.04± 0.01 0.40 ± 0.03 8.19 ± 0.06 1.18± 0.20 −− −−
23 50135-01-01-00 2000-05-16 4.15± 0.03 0.70 ± 0.09 8.51 ± 0.24 2.05± 0.74 −− −−
XTE J1650–500
24 60113-01-12-00 2001-09-18 4.09± 0.03 0.68 ± 0.10 8.91 ± 0.16 1.71± 0.37 −− −−
25 60113-01-12-01 2001-09-18 4.36± 0.03 0.92 ± 0.19 9.07 ± 0.16 2.08± 0.69 −− −−
26 60113-01-12-02 2001-09-18 4.84± 0.03 0.81 ± 0.03 9.77 ± 1.63 1.09± 0.14 −− −−
27 60113-01-12-03 2001-09-18 4.63± 0.06 1.48 ± 0.40 9.03 ± 0.71 7.95± 1.75 −− −−
28 60113-01-12-04 2001-09-18 5.17± 0.05 0.91 ± 0.25 10.51 ± 0.13 1.96± 0.43 −− −−
29 60113-01-13-00 2001-09-19 5.90± 0.26 0.90 ± 0.31 11.53 ± 0.16 1.41± 1.05 −− −−
30 60113-01-13-01 2001-09-19 6.34± 0.06 1.67 ± 0.28 12.20 ± 0.08 0.28± 0.38 −− −−
31 60113-01-13-02 2001-09-19 6.84± 0.08 1.52 ± 0.50 14.21 ± 0.25 3.28± 0.93 −− −−
H 1743–322
32 80138-01-04-00G 2003-04-06 3.73± 0.01 0.39 ± 0.02 7.34 ± 0.03 0.54± 0.12 1.83 ± 0.08 1.06± 0.32
33 80138-01-06-00 2003-04-10 3.21± 0.01 0.36 ± 0.02 6.37 ± 0.03 0.72± 0.10 1.56 ± 0.05 0.97± 0.18
34 80138-01-07-00 2003-04-12 7.16± 0.02 1.37 ± 0.07 −− −− −− −−
35 80146-01-02-00 2003-04-15 5.50± 0.02 0.68 ± 0.06 10.80 ± 0.17 2.22± 0.35 −− −−
36 80146-01-03-00 2003-04-17 4.72± 0.01 0.51 ± 0.04 9.38 ± 0.12 1.58± 0.37 −− −−
37 80146-01-03-01 2003-04-18 7.18± 0.03 1.39 ± 0.03 −− −− −− −−
38 80146-01-29-00 2003-05-07 5.51± 0.02 0.68 ± 0.11 10.78 ± 0.19 4.17± 0.66 2.56 ± 0.07 0.58± 0.51
39 80146-01-30-00 2003-05-08 4.37± 0.01 0.47 ± 0.03 8.52 ± 0.04 2.55± 0.14 2.18 ± 0.04 1.08± 0.31
40 80146-01-31-00 2003-05-09 5.31± 0.04 0.67 ± 0.13 10.28 ± 0.25 4.15± 0.78 −− −−
41 80146-01-32-00 2003-05-10 4.98± 0.08 0.48 ± 0.12 9.68 ± 0.07 1.24± 0.28 2.43 ± 0.10 1.24± 0.34
42 80146-01-33-00 2003-05-11 6.22± 0.02 0.94 ± 0.05 −− −− 2.91 ± 0.12 1.27± 0.33
43 80146-01-33-01 2003-05-11 5.99± 0.02 0.85 ± 0.08 −− −− 2.96 ± 0.16 1.26± 0.55
44 80146-01-43-00 2003-05-20 3.77± 0.01 0.34 ± 0.03 7.51 ± 0.03 0.70± 0.09 1.89 ± 0.04 0.89± 0.17
45 80146-01-43-01 2003-05-20 3.81± 0.01 0.45 ± 0.03 7.40 ± 0.09 2.07± 0.43 1.84 ± 0.08 0.59± 0.22
46 80146-01-44-00 2003-05-21 3.79± 0.01 0.30 ± 0.02 7.49 ± 0.04 1.48± 0.11 1.90 ± 0.04 0.68± 0.09
47 80146-01-46-00 2003-05-23 4.68± 0.01 0.44 ± 0.02 9.25 ± 0.05 0.95± 0.15 2.34 ± 0.06 1.07± 0.21
Continued on next page
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Table 2: continued.
Observation Date Fundamental Harmonic Subharmonic
(yyyy-mm-dd) ν0 ∆ ν0 ∆ ν0 ∆
(Hz) (Hz) (Hz) (Hz) (Hz) (Hz)
48 80146-01-47-00 2003-05-24 7.05± 0.02 1.44 ± 0.05 −− −− 3.29 ± 0.07 1.03± 0.17
XTE J1859+226
49 40124-01-08-00 1999-10-14 4.39± 0.01 0.48 ± 0.02 8.80 ± 0.04 1.94± 0.11 2.15 ± 0.04 0.71± 0.07
50 40124-01-09-00 1999-10-14 4.95± 0.01 0.52 ± 0.03 9.87 ± 0.05 0.86± 0.19 2.46 ± 0.04 0.92± 0.12
51 40124-01-10-00 1999-10-14 5.76± 0.02 0.45 ± 0.05 11.61 ± 0.09 1.90± 0.01 3.09 ± 0.05 0.24± 0.10
52 40124-01-11-00 1999-10-15 5.96± 0.02 0.62 ± 0.05 12.07 ± 0.10 1.36± 0.33 3.02 ± 0.06 0.91± 0.14
53 40124-01-15-00 1999-10-22 6.14± 0.03 0.63 ± 0.09 12.21 ± 0.12 1.11± 0.46 2.93 ± 0.08 0.88± 0.36
54 40124-01-18-00 1999-10-20 5.89± 0.01 0.56 ± 0.04 11.82 ± 0.12 1.54± 0.40 2.86 ± 0.05 0.93± 0.17
55 40124-01-19-00 1999-10-20 5.18± 0.01 0.57 ± 0.03 10.41 ± 0.07 2.28± 0.31 2.57 ± 0.05 1.24± 0.18
56 40124-01-20-00 1999-10-20 6.47± 0.02 0.78 ± 0.07 13.02 ± 0.20 2.59± 0.75 3.32 ± 0.08 1.28± 0.24
57 40124-01-21-00 1999-10-21 6.33± 0.02 0.81 ± 0.05 12.98 ± 0.14 2.28± 0.57 3.18 ± 0.05 1.05± 0.15
58 40124-01-25-00 1999-10-23 6.19± 0.02 0.68 ± 0.08 12.54 ± 0.19 3.43± 0.78 3.18 ± 0.10 0.96± 0.30
4U 1630-47
59 80117-01-21-01 2004-03-04 5.11± 0.03 0.27 ± 0.08 −− −− −− −−
60 80117-01-22-00 2004-03-05 4.02± 0.02 0.17 ± 0.04 −− −− −− −−
GX 339-4
61 60705-01-70-00 2004-08-13 4.10± 0.18 0.31 ± 0.07 8.86 ± 0.37 1.02± 0.39 2.40 ± 0.11 0.66± 0.22
62 70109-04-01-00 2002-05-11 5.44± 0.01 0.76 ± 0.04 11.14 ± 0.07 1.88± 0.25 2.71 ± 0.04 0.70± 0.14
63 70109-04-01-01 2002-05-11 5.39± 0.01 0.70 ± 0.05 10.90 ± 0.04 2.64± 0.55 2.63 ± 0.03 0.98± 0.13
64 70109-04-01-02 2002-05-12 5.35± 0.03 0.89 ± 0.08 10.66 ± 0.10 1.62± 0.27 2.68 ± 0.08 0.59± 0.15
65 70110-01-11-00 2002-05-12 5.75± 0.04 0.65 ± 0.21 11.69 ± 0.20 2.99± 1.01 3.03 ± 0.11 1.30± 0.50
66 90110-02-01-01 2004-08-15 5.09± 0.06 0.97 ± 0.73 10.79 ± 0.33 2.95± 1.59 2.76 ± 0.17 1.05± 0.86
67 90110-02-01-02 2004-08-15 5.18± 0.11 0.51 ± 0.21 10.97 ± 0.34 2.36± 0.17 3.39 ± 0.35 1.68± 0.21
68 92428-01-04-00 2007-02-12 4.34± 0.01 0.40 ± 0.02 8.77 ± 0.04 0.85± 0.09 2.16 ± 0.05 0.78± 0.11
69 92428-01-04-01 2007-02-12 4.21± 0.02 0.31 ± 0.04 8.47 ± 0.05 0.82± 0.13 −− −−
70 92428-01-04-02 2007-02-13 4.13± 0.01 0.37 ± 0.03 8.40 ± 0.06 1.08± 0.13 2.17 ± 0.09 0.40± 0.16
71 92428-01-04-03 2007-02-13 5.05± 0.02 0.50 ± 0.04 10.05 ± 0.06 0.95± 0.17 2.54 ± 0.06 0.38± 0.13
72 92428-01-04-04 2007-02-14 5.61± 0.02 0.64 ± 0.05 11.58 ± 0.16 2.05± 0.58 2.91 ± 0.04 0.27± 0.15
73 92035-01-02-01 2007-02-02 0.26± 0.01 0.04 ± 0.01 −− −− −− −−
74 92035-01-02-07 2007-02-07 0.90± 0.01 0.06 ± 0.01 −− −− −− −−
75 92035-01-02-08 2007-02-06 0.55± 0.01 0.06 ± 0.03 −− −− −− −−
76 92704-03-11-00 2007-05-14 4.03± 0.02 0.08 ± 0.07 −− −− −− −−
77 92704-03-11-01 2007-05-15 3.25± 0.09 0.32 ± 0.15 −− −− −− −−
78 92704-03-12-00 2007-05-16 2.70± 0.31 0.44 ± 0.30 −− −− −− −−
79 92704-03-12-01 2007-05-17 2.70± 0.05 0.37 ± 0.28 −− −− −− −−
80 92704-04-01-01 2007-05-16 2.99± 0.09 0.70 ± 0.39 −− −− −− −−
81 92704-04-01-02 2007-05-16 2.75± 0.12 0.43 ± 0.39 −− −− −− −−
82 92704-04-01-04 2007-05-17 2.81± 0.09 0.61 ± 0.27 −− −− −− −−
83 92704-04-01-05 2007-05-17 2.93± 0.22 1.02 ± 0.69 −− −− −− −−
84 95409-01-12-04 2010-03-31 0.19± 0.01 0.03 ± 0.01 −− −− −− −−
85 95409-01-13-00 2010-04-03 0.27± 0.01 0.04 ± 0.01 −− −− −− −−
86 95409-01-13-01 2010-04-07 0.37± 0.01 0.07 ± 0.02 −− −− −− −−
87 95409-01-13-02 2010-04-05 0.32± 0.01 0.05 ± 0.02 −− −− −− −−
88 95409-01-13-03 2010-04-02 0.22± 0.01 0.01 ± 0.01 −− −− −− −−
89 95409-01-13-04 2010-04-04 0.29± 0.01 0.03 ± 0.01 −− −− −− −−
90 95409-01-13-05 2010-04-06 0.37± 0.01 0.03 ± 0.02 −− −− −− −−
91 95409-01-13-06 2010-04-08 0.45± 0.01 0.04 ± 0.02 −− −− −− −−
92 95409-01-14-01 2010-04-10 1.05± 0.01 0.07 ± 0.02 −− −− −− −−
93 95409-01-14-02 2010-04-11 2.49± 0.01 0.16 ± 0.02 −− −− −− −−
94 95409-01-14-03 2010-04-12 1.58± 0.01 0.03 ± 0.02 3.15 ± 0.02 0.15± 0.03 −− −−
95 95409-01-15-01 2010-04-17 5.66± 0.02 0.28 ± 0.09 −− −− −− −−
96 95409-01-17-02 2010-05-02 6.75± 0.11 1.14 ± 0.39 −− −− −− −−
97 96409-01-06-01 2011-02-06 4.56± 0.18 1.51 ± 0.63 −− −− −− −−
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